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Abstract
This document outlines our senior design project for the Cal Poly Mechanical Engineering Department on
behalf of Jack’s Helping Hand. As a team of two Mechanical Engineering students, we developed a
structure that can support a rider and can move in three degrees of freedom to model the gait patterns of a
horse. This senior project will be continued by another group that will focus on electronics and implement
the motors that will induce motion on the structure that our team has built. We collected baseline data by
attaching an iPhone to a horse and used that motion to compare the results of our ideation process. Our
design is a body suspended by a frame on a manufactured joint that can move in three degrees of freedom
to accommodate the pitch, yaw, and roll angles that we observed during our testing, to ensure that our
project feels like riding a horse.

1. Introduction
Equine therapy is a proven method of building strength, balance and confidence in children and adults
with special needs or medical conditions [1]. Our Sponsor is Bonnie Burt, director of the Little Riders
equine therapy program at Jack's Helping Hand, a non-profit organization located in San Luis Obispo.
They offer riding scholarships for up to a year for local individuals under the age of 21 who have medical
or special needs. She has requested that we design a mechanical horse that mimics the trot and walk gait
of a horse. Riders should also mount on like a real horse.
The goal of this document is to outline our design research, proposed process, and final design. It is meant
for our sponsor to see our understanding of the design challenge and our steps towards fulfilling their
need.
This project will be continued by another senior project team that will add motors to the motors on the
structure that we built. These motors will induce the motion and will allow for our structure to replicate
the gait of a horse.
Based on the data we collected and research we did, our team decided to design and build a device with a
3 degree of freedom system: pitch, roll, and yaw.

2. Background
We spent the first few weeks of the project communicating with Jack’s Helping Hand to fully understand
the problem and their needs and researching background information and existing solutions. What we
learned is best divided into three categories: stakeholders/Need Research, existing solutions, and technical
research.

2.1 Stakeholders/Need Research
To understand the stakeholders’ needs and wants, we interviewed our sponsor. We got to virtually take a
tour of the facility and observe a therapy session happen. Our sponsor’s needs and wants as we
understand them now are listed below.
•
•
•
•
•
•
•
•
•

Feels like riding a horse
Riders get on/off like a horse
Can operate with a 175lb person
Good for children with special needs
Stable
Will be moved at some point
Quiet enough to talk over
Easy to maintain
Can use a saddle
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•
•
•

Looks like a horse
Easy to operate
Can survive a dusty environment

We also interviewed another stakeholder: a volunteer with the sponsor’s organization who has
experienced equine therapy both as a rider and as a volunteer. They said:
•
•
•
•
•
•

The movement/height of the horse and the balancing on one leg on the platform to mount are the
scariest parts of equine therapy for newer riders.
Walking slow and then fast would be good features to have.
The mechanical horse should be sensitive to leg movements and/or pulling on reins.
A fast/jerky mechanical bull was not enjoyable.
The horse should be soft.
The horse should have a fun name.

2.2 Existing Solutions
During our research, we found similar products available. We evaluated each product on how it meets our
design needs and learned from how other designers solved their design problems.
Equicizer Mechanical Horse

Figure 1. The Equicizer
Figure 1. shows a competitor to our design, the Equicizer [2]. The design meets most of our sponsor’s
wants/needs. It looks like a horse, has a saddle, and has reins. The machine is stable and has no electronic
components so it would endure the dusty environment. This design is smaller than a full-sized horse
which could be beneficial for children. The softness and close to real life horse head are strengths of this
design and something we plan to learn from and incorporate.
The price (around $3,000) is more than our sponsor budget, and the design is less suited towards children
with special needs. This design requires rider input to get started and maintain a “walk”. We initially
thought that our sponsors’ needs would be best fit by a machine that moves the riders (not one that gets
moved by the riders) since riders have varying strength. After discussing with our sponsor, we learned
that forcing riders to move the machine could be help them build strength and force them to be more
active in the saddle. A powered or unpowered device is acceptable.
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UFree Mechanical Moving Horse

Figure 2. UFree Mechanical Moving Horse
The UFree design takes a very different approach because the horse moves forward, not just in place [3].
Our sponsor never explicitly banned this, but it makes meeting other wants/needs harder to meet. A
moving design is much less stable and not much easier for riders scared of a real horse to use. It is more a
toy than a tool and does not replicate the actual motion of a horse. It also would be hard to coach riders if
they are moving around.
Our biggest interest with this design is learning about products and design standards for toys children get
on and use. We learned about the ASTM F963 standards for toys through this product.
Racewood Horse Simulator

Figure 3. Racewood Horse Simulator
The next similar product is the Racewood horse simulator [4]. We like their use of reins and want to
incorporate that into our design, especially because an end user specified reins would be helpful. The
head/reins and stirrups move realistically with the horse which we want to replicate in our design. The
design includes sensors to respond to leg motions, which our stakeholder specified is important. The
design also includes a button for the rider to stop moving, which we want to include as well. The
8

kinematics are very advanced and realistic because it is meant for elite racers, but no information about
internals is available. The height of the horse resembles getting on a real horse, a stakeholder want.
There are a few reasons this product does not exactly fit the sponsor’s needs. First, it costs well over
$20,000. It also goes to great lengths to make sure it resembles riding a real horse, which seems positive,
but the website explains that it will turn, jump, or gallop if the rider does not maintain control, which is
not something we want for children just learning how to ride. This feature can be disabled for beginners,
but the design is overkill for our sponsor’s needs.
Rice University Senior Project Team

Figure 4. Rice University Senior Project Team
The Rice University senior project shown in Figure 4. very closely follows our design challenge [5]. Their
use of a linkage controlled by servo motors to closely mimic horse motion is something we plan to
explore for our design. The soft body, friendly face and cowboy hat would appeal to our end user and we
want something similar for our design.
One thing we noticed is that the electronics and linkages do not appear fully enclosed, and weather sealed,
which is something we need to design for.
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Techtongda Electric Horse-Riding Machine

Figure 5. Techtongda Horse
The next product we researched was the Techtongda simulator [6]. This product is within the budget
range and from the reviews does a fair job mirroring a horse walk at various speeds. Looking only at the
motion requirements, this product is a good starting point but not much more. We would love to
opportunity to benchmark one in person and disassemble it.
This device does not meet the aesthetic and visual requirements for our design, such as looking and
mounting like a horse, being soft, having a saddle and having reins. Replicating the motion alone does not
solve the sponsor’s design problem.
Relaxation Device

Figure 6. Relaxation Device
This relaxation device shown in Figure 6. patented on March 7, 2017 was designed to replicate the gait of
the walking horse [7]. This therapeutic device was designed for people with disabilities. The flat plate is
the seated portion in which makes the user feel as if they are riding a horse.
The device does not look like a horse and putting a saddle on the seat is impossible. Moreover, the device
is not as tall. The customer would like the final model to be tall enough to replicate the challenge of
mounting a horse. Lastly, there are a lot of open components that pose safety concerns and cannot
withstand the environments conditions that the customer wants.
10

2.3 Technical Research
Initially, we hoped to use motion capture dots on a living horse to generate kinematic data and design
from there. After reaching out we learned that this required getting a living horse inside a closed oncampus lab and putting it in front of a green screen.
After talking with horseback riders in our community, we learned we could model the saddle relatively
well as a rigid body, since the saddle material is stiff and moves as a unit. This allows us to collect data at
just one point on the saddle to fully describe the motion. Figure 7. shows the pitch, roll, and the yaw
which is the three different angular rotations that our design should move to replicate the different gait
patters of a horse.

Figure 7. Rotation about different axis
We attached an iPhone to a saddle while a horse walked at a regular speed and collected motion data,
shown in Figure 8. With the data we collected for one point on the saddle, we can fully define the motion
[8]. We expect the iPhone data to fit our modelling goals [9]. The plane is a visualization of what that data
means.
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Figure 8. Kinematics data collected from a horse, our benchmark for a successful project
MATLAB
Our goal was to understand the kinematics of the saddle while it was on a walking horse. We used
MATLAB to clean the data we captured and determined the pitch, roll, and yaw angles. We found that the
pitch to be at most 3 degrees, the roll to be at most 5 degrees, and the yaw to be at most 20 degrees. We
used this information to guide our design decisions that lead us to pick our final design. Since the
mechatronics team took over this aspect of the project, we have not collected any more data. The data we
collected was an excellent baseline for our project and allowed us to design something the other team can
work with.
Solidworks
Solidworks is an Engineering CAD (computer aided design) tool that we used to help us model the
mechanical system. This tool allowed us to visually inspect the components and ensured that the
components we used to build the structure fit as we intended it to.
ASTM Standards
Through our research of the UFree toy, we learned about ASTM F963 standards for toys. There
are specific standards for ride on toy seats and overload factors that we would like to design for.
The current standards are on ASTM’s website [11]. The standards we identified that apply to
our design are summarized below:
• 4.18.2 No holes between 10-13mm
• 4.18.3.2 Chains and belts need to be shielded
12

• 8.19.3 Motor should flip a breaker and shut off when binded/forced to stall
• 8.7.2 It needs to survive a tip over test of 30 degrees in any direction
• 14.15.5 Ride on toys need to support 3 times the load expected
In addition to ASTM standards, we used a Design Hazard checklist in Appendix E to establish a baseline
for necessary engineering calculations

3. Objectives
3.1 Problem Statement
Jack's Helping Hand is a volunteer-driven nonprofit that provides free equine therapy to children in SLO
county with special needs or medical conditions. The nonprofit needs a way to help more new riders
safely build strength and confidence with the motions required to ride a horse, and to coach them on
technique. Jack’s Helping Hand need to do this without asking more from the already worked to capacity
horses and volunteer staff.
Our goal is to develop a device that enables its user to feel as if they are riding a horse during its walking
gait. During the first quarter of our project, we were working with our sponsor and coach to determine if
our scope should include a build. After doing research and collecting data we decided to include the build
in our scope.
During the second quarter we found out that a second team would be joining our project. They will be
finalizing the project in June. The team will focus on implementing the motors and making sure that the
mechanical horse comes to life.
For our last quarter we sourced the material and built our final design. While building our design we did
testing and made modifications to our design.

3.2 Boundary sketch

Figure 9. Boundary sketch describing the scope of our design, and the things it interacts with that are out
of our control.
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3.3 Summary of Wants and Needs
Our sponsor would like the mechanism to (1) mimic the walking gait of a horse, (2) ensure its user gets
on and off like a real horse, and (3) for the mechanism to feel like a horse. For a full description reference
the Stakeholders/Needs Research section.

3.4 Description of the QFD Process
To ensure that we are developing the ideal product for our customer, we are using a quality function
deployment chart (QFD) attached in the Appendix A. The purpose of the QFD is to transform the
sponsors qualitative demands and turn them into quantitative parameters. The customers who are the
sponsor, the users in equine therapy, and the manufacturers are all listed under the WHO column. On the
WHAT column the customer’s qualitative wants and needs are established. Each want/need is then rated
based on importance from 1-10 with respect to the specific customer (1- minimum importance, 10
maximum importance). On the far right the NOW column has a list of similar products we found. Each
product is compared with our customers' wants/needs and rated from 1-5. On the HOW row the
engineering specifications are created. Each specification relates the customers want/needs and will help
us determine how they are met. These specifications are measurable criteria that we will test with our
prototype. The HOW MUCH row at the bottom of the chart shows the quantitative values for the
engineering specifications that we came up with. This QFD chart helps us decide which wants/needs we
want to devote the most time when developing our prototype. The most important part of the QFD are the
specifications, which are listed in Table 1.
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Table 1. Engineering Specifications Table
Spec.
#

Specification Research

Requirement Target

Tolerance

Risk*

Compliance
**

Kinematics match real
horse

Match between angle vs. time graphs in x, y
and z (and z position) between curves for real
and mechanical horses

20%

1

difference

H

A, T

2

Mounting platform and
stirrup distance

6”

±1”

M

I

3

Max User weight

175lb

±10lb

M

A, I, T

4

Static and fatigue Safety
Factors

2

Max 2.0

L

A

5

User safety

No exposed rotating parts, pinch points, sharp
edges, snag hazards, Emergency stop/brake,
electrical safety standard compliant

-

L

I, T

6

Specs for stability

Tip test from ATSM standards

-

M

A, I

7

Weight

Under 300lb

±50lb

L

I

8

Analysis of breaking parts

The lifetime of every non-replaceable part
should be at least 10 years. Replaceable parts
should come with spares and instructions.

-

M

A

9

Looks Like a Horse

80% of testers

-

L

I

10

Ease of Operability

80% of testers

-

M

I

11

Budget

$1,000

Max

M

I

12

Max dimensions

3’x5’ base

Max

L

I

13

Saddle Dimensions or
equivalent saddle shape
dimensions

16.5’’

±1”

M

I

14

Saddle Stays on During
Operation (if using
saddle)

Saddle still on after 15 minutes of full speed
operation with no rider

±5
minutes

H

I,T

15

Noise Level

<50dB

-

M

T,I

16

Environment

No dirt under cover after 1 day of testing
outside

-

H

I

17

Varying speeds (if
externally powered)

3 walking speeds

±1 speed

M

I, T

*Risk of meeting specification: (H) High, (M) Medium, (L) Low
**Compliance Methods: (A) Analysis, (I) Inspection, (S) Similar to Existing, (T)Test
Below we will describe why each specification was chosen.
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1. Users get similar benefits from riding real and mechanical horses when they move the same way.
It is important to the design that the kinematics (movements in 3-D space over time) matches the
real horse.
2. The vertical distance between the mounting platform and stirrup allows for the users to mimic
getting onto a real horse. We will measure the distance to ensure that it is satisfied.
3. The weight that the device can hold is important as different users will be using it. We will
experimentally validate this.
4. The minimum Safety Factors ensures that our device is safe as it will be utilized by young
children. We will analyze this in our calculations.
5. Having no rotating parts, pinch points, sharp edges, or other hazards, will be verified by our
coach at inspection to ensure the safety of the users and operators. We will visually inspect that
there are no present open hazards in our design.
6. The specs for stability will be analyzed experimentally with a tip test. The project will be
positioned upright and gradually tipped over, with a crash pad in place in case it falls. The angle
will be measured when the project starts to tip.
7. The weight of the device is important as there are plans of moving it. We can get an estimate on
Solidworks for an estimate and weight it once we build.
8. Analysis of our machine’s parts to see where weaknesses are helps us redesign a stronger
machine. This also allows us to design parts that may fail to be easily replaceable.
9. Making our device look like an actual horse makes the device easier to use for the children in
equine therapy as it is more approachable. We plan on conducting a survey for its users to ensure
it looks like a horse.
10. The device should not be hard to operate. It should be operated with ease. We plan on conducting
a survey to make sure the users can agree on the device’s ease of use.
11. Making sure that we are within the budget is important for our sponsor. We will closely monitor
our budget and will run through anything we plan on purchasing with our sponsor.
12. The maximum dimensions are provided by the sponsors for the location for which they plan on
having the device. We will make sure that the device is within the dimensions during our design.
13. The saddle dimensions are important as the costumer would like to mimic this device to be like
an actual horse. Will design the device to accommodate different range of saddle dimensions.
14. Making sure that the saddle stays on during the equine therapy ensure the safety of the user. We
will borrow different saddles and test it they will remain on while the user is using the device.
15. The noise level makes the device more approachable for the users. It also allows for the user to
communicate with others while the device is being operated. We will use decibel meter to
measure the dB that the device it is outputting.
16. The environment for which this device is planned for has dirt conditions for which this device
should be designed for. We will inspect and protect component for the designated conditions.
17. An end user suggested multiple walking speeds for the machine. We will validate this
experimentally by determining if the mechanical horse is moving at different speeds.
Our high-risk specifications include specifications 1, 14, and 16. Mimicking the walking gait of the horse
is our highest risk as it is the most challenging aspect of the design. This will require more background
research, acquiring data from our design, and validating it to ensure it matches the acquired data from the
actual horse. The next critical design specification is for the device to withstand the dirt and water from
its environment. Lastly, making sure that the saddle remains on while being used is important to ensure
that the device acts like a horse and is safe for the children using it for the equine therapy.
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4. Concept Design
4.1 Convergence Process
To begin our convergence process to narrow down the system we want to design we:
1. Began by ideating and creating 9 different ideation models shown in Appendix B.
2. We reduced our initial ideas by cutting out those that were not feasible and did not meet our
functionality requirements. This step is called a Go/No go.
3. We used a Pugh Matrix for each specific function to determine which top 5 ideas are the best.
4. We put the top five designs into a Morphological matrix to take strong aspects from all designs and
reimagine the remaining designs accordingly.
5. We used a decision matrix to arrive to a final concept design.

4.2 Ideation
Ideation models are 15-minute physical models of design options. They lower the barrier to creativity by
giving all designs a chance and allowing us to move forward in the process with a variety of options. We
used foam board, cardboard, a hot glue gun, tape, and markers for our ideation process. We created nine
ideation models in total, a picture of one of our ideation models is shown in Figure 10. They are all
pictured in Appendix B with brief descriptions.

Figure 10. One of our ideation models, a linkage driven by a single motor.

4.3 Go/No-go and Pugh Matrices
We used the Go/No-Go approach to start thinking realistically and eliminate designs that did not meet our
needs. This is the most subjective step of the process, so we chose to use it sparingly and only eliminated
one design, the ideation model that uses pulleys.
We chose to eliminate this idea because it does not allow for any side-to-side motion of the horse which is
critical to the project. Ropes and pulleys also seemed like a less precise solution then we are looking for,
so we did not want to keep them in the process.
Next, we used Pugh matrices to compare designs against one another, relative to the Rice University’s
senior project design (our datum, or baseline)
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We used Pugh matrices to evaluate designs by how well they accomplish the required functions:
•
•

Feels like riding a horse
Durable

The result of each Pugh matrix is a ranking of how well each idea accomplishes that function. We used
Rice University’s mechanical horse project shown in Figure 4. as a datum as we felt that it met most of
our customer’s needs. Giving a (+) for the design being better the datum, (-) for the design being worse
than the datum, and (S) if the design was just equal to the datum. The top ideas from each Pugh matrix
were the (1) four springs shown in Figure. 11, (2) four linear actuators shown in Figure. 12, (3) slotted
design shown in Figure. 13, (4) single motor shown in Figure. 14, and (5) the four servo motors shown in
Figure. 15.
The Pugh matrices showed us that the 4-servo motor design is best at the “feels like riding a horse”
function, followed by the pin and slots.
The second Pugh matrix showed us that the pin and slots and single motor designs are the most durable,
followed by the four springs design.
To assign values for our “feels like a horse” Pugh matrix, the biggest consideration was how each design
can move. We physically manipulated our ideation models to visualize the corresponding angle vs time
graph and how it compares to the live horse data. The biggest consideration within motion is rolling
motion, since pitch motion is a relatively simple sine wave. Designs that allow for iteration of rolling
motion ranked highly.
To assign values for our durability Pugh matrix, we primarily considered how delicate each design is and
how well it resists water and dust. These are subjective terms, so the assigned values are primarily based
on how designs appear and our experience with similar designs. Some things we considered are the
number of electronic elements and their level of exposure to the elements, and the level of expected
maintenance. The goal was not to eliminate electronic designs but to favor the most tough and least
complicated electronic systems. The four-servo design ranked low on this function because there are
many moving parts and each one is relatively delicate, whereas the single motor design ranked highly
because there is one big moving part that can be concealed well.
Both of our Pugh matrices are in Appendix C.
The designs we chose to continue with were the five in Figures 11 through 15. We moved on with these
designs to our morphological and decision matrix.

Figure 11. Four Spring with user input
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Figure 12. Four linear actuators

Figure 13. Pinned Slots with linear actuator and springs

Figure 14. Single Motor

Figure 15. Four motors moving each leg independently

4.4 Morphological Matrix and Decision Matrix
The morphological matrix is the second to last step in the design convergence process shown in Figure
16. A Morphological matrix admits that no single design meets every requirement the best and helps us
combine the best features from each design to make our final design as strong as possible.
With the morphological matrix we were able to determine different approaches for our designs. Our
different approaches include (1) an E-Stop and a soft body for user safety, (2) a speed knob to adjust the
speed of the horse, (3) the saddle to be bolted down to ensure the saddle stays on, (4) an element proof
housing to endure the harsh environment, and (5) a change of voltage to the electronic system and user
input to vary the speeds.
The result of our Morphological matrix is a pool of features for each requirement. We can draw a line
horizontally through the matrix and pass through any features we would like to include. The features
circled in red are one example of a possible combination.
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Figure 16. Morphological Matrix for different requirements
Lastly, we used a decision matrix, shown in Appendix C, for our top five designs. We used the percent
weighing from our QFD to rank the criteria from highest to lowest.
The most important criteria are:
1.
2.
3.
4.
5.
6.

Stable (12%)
Under budget (11%)
Feels like riding a horse (10%)
Can carry weight of user (10%)
Safe for children with special needs (10%)
Looks like a horse (9%)

There are more that total to 100%, and the full matrix is Appendix C. We went through each design and
identified how it would perform for the specific criteria with one being the lowest and five being the
highest. From there we multiplied its score with its weighing to determine a total score for each design.
Here is how we assigned values for each criterion. The numbers correspond to the previous list.
1. Each design ranks the same for stability since they can all be built wide bases.
2. The 4 linear actuators design ranked the worst for cost, because linear actuators are expensive.
We found that a linear actuator that can push 200 lbs. costs around $200 [12], so four of them
would be almost our entire $1000 budget.
3. The single motor and 4 springs designs ranked the lowest for feels like riding a horse, because
they have such a limited options for rolling motion. The single motor can only produce a sine
wave style motion, so it can’t mimic the left and right rocking motions as well as customized
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system like linear actuators can. The 4 springs could possibly mimic the motion, but the required
rider input is not how it feels to ride a horse.
4. All designs got full points for safely carrying the user
5. The 2 slots design scored lowest for safe for children with special needs because in our original
plan, the slots are exposed. After completing the design hazard checklist (Appendix E), we have
updated our design to conceal the slots because we need to limit pinch points and exposed
moving parts. A plastic cover around all the moving parts should get rid of this problem.
6. All designs got full points for looking like a horse because that is a modification that happens
after the structure and function is completed.
After weighting all those criteria, our top design is the 2-slots design shown in Figure 17.

Figure 17. Concept Prototype with 2 slots, ball and socket, and springs.

4.5 Selected Concept

Body, saddle
mounted on
holes

Pin inside slot
(one on each
side)

Ball and Socket
Joint

Figure 18. CAD Drawing of Concept Prototype
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Our selected concept is shown in Figure 18. Fewer electronic component working in series lowers the
cost of the project and keeps the focus on kinematics rather than electronic systems. Fewer electronics
also holds up to the elements better and is simpler to maintain, so we expect fewer parts breaking.
Our design consists of a plate mounted perpendicular below the horse body. The body is attached to a ball
and socket for support and free rotation. The plate has a pin on each side that slides in slots on the frame.
This guides the body through the horse walking motion.
To move the horse, we plan a combination of springs and a linear actuator. The linear actuators would
move the body and push the pins through the slots. The springs are to provide resistance for the rider
using their body weight to move the horse. The horse could operate in powered mode, spring mode, or a
hybrid mode.
Our biggest concern with this design is the slots. Our design plan is to iterate slot geometry for a
kinematic match with data from a real horse. This could be a challenge. We also feel that this design
could end up being too constricted and not allow to move the horse in all the degrees of freedom shown in
Figure 19. If we are not able to follow through with this approach, we will consider one of our other top
five designs in the decision matrix to fall back on.
Since our PDR, we did more in-depth analysis on the live horse data and realized that for every cycle of
rolling motion, there are two cycles of pitching motion. This means that directly connecting the pitching
motion to rolling motion (with slots and pins) is not a good idea, and they need to be independent of one
another. Effectively, we plan to modify our design to a table that rocks back and forth along slots, with a
rolling motion subsystem mounted on the table. We are still in early stages of this, and our concept so far
is shown in Figure 19.

Figure 19. Updated concept sketch with less dependance between rolling and pitching motion, plus
included vertical motion.
We finished PDR still hopeful that slots would work, but as we did more data analysis and
attempted to design slots, we realized we needed more range of motion than slots allow. Plus,
with a second team working on the project we decided using electronics would allow us to create
a better product that mimics walking and trotting instead of just walking.
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Figure 20. All degrees of freedom for a horse.

5. Final Design

Figure 21. Final Design
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Bump
Stops
Main
post

Gusset

Figure 22. Base Frame
Our final design is pictured in Figure 22. Our design consists of two major subsystems: the base frame
and the body.
The base frame, pictured in Figure 22, consists of 2”x2”x.25” square tubes welded together to form a
3’x5’ base, as requested by our sponsor. We made sure that the frame was wide enough to avoid tipping
when the rider is tilted during operation yet narrow enough to fit through a standard doorframe. The threesquare tubes inside the rectangular base are welded on are 2x2x.120”. One of them is used to hold the two
motors and the other the two are welded together to hold the welded 4”x4” square tube positioned
vertically in the center. This is the main post that holds the weight of the body and the rider. We chose a
4x4 square tube for the center post since it will be supporting all the weight of the rider and body. We
calculated that a 4”x4”x.120” square tube will prevent it the main post from buckling under the load. The
safety factors on yield and buckling are 170 and 286 (Appendix J).
To decrease lateral deflection of the main post we used a .25” steel to gusset, shown in Figure 23.
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Figure 23. Gusset
To decrease front to back deflection of the main post, we designed square tube braces, shown in Figure
24.

Figure 24. Square tube front to back braces
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A secondary purpose of the square tube braces is to support the bump stops. Bump stops, shown in
Figure 25, are a safety feature to stop the horse from ever dropping a rider. In case of a motor failure, part
failure or loss of power, the body will come to rest on the bump stops instead of rotating to be completely
vertical and dropping the rider. Our horse motion data graphed in Figure 8 shows a maximum rotation of
10 degrees, so we designed for bump stops to arrest motion once the body reaches 12 degrees. Our design
process for the bump stops shown in figure 26.

Figure 25. Bump stops. Pitch direction stops on the right and left, roll direction stops in the middle

Figure 26. Designing Bump stops for limiting rotation to 12 degrees
Before CDR, we planned to manufacture cranks and links to generate motion. Since CDR, the
mechatronics team took over linkage design to increase their design flexibility. Our now outdated design
and analysis is still in our Design Log and was shared with the mechatronics team but is no longer within
the scope of our project.
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Figure 27. Body
The second major subsystem of our design is the body. The body, pictured in Figure 27, consists of a
wood body and a subframe.
The subframe (Figure 27) made from 2”x2”x.25” square steel tubes and it is sized to fit the wooden body.
The two are connected using wood-to-metal screws. This subframe is mounted on the main post using a
yoke we manufactured from ¼" steel plate. The yoke is assembled in three parts welded together. We
reinforced the yoke using ¼” triangle gussets and it has a hole to hold a ¾” bolt that will be inserted into
the rod end. This bolt will face bending loads and has a safety factor in bending of 54.4 (Appendix J). The
yoke is attached to a 2x2x.120” square tube using two 7/16" bolts. The 2x2x.120” square tube is attached
to the subframe using ¾" bolts. Due to feasibility and user safety, we were unable to bring the center of
rotation higher. We felt that it was safer for the bolt to locate metal to metal contact as opposed to being
suspended above the subframe.

Figure 27. Body support frame
The last part of our design is the wooden body (Figure 28). We chose to use wood since it is cheaper and
lighter than metal. We used Douglass Fir wood as it has the highest strength to weight ratio. The wood
body consists of 23/32” thick structural plywood body panels that contour the body like that of a horse.
We decided to make it narrow so that if necessary, cushioning can be added to make it rounder and softer.
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Our goal was to center the mass of the rider in the middle of the wooden body, so we developed a rigid
truss that makes the body rigid laterally and front/back using 2x4 wood. We also used 90-degree braces to
make the wooden truss even more rigid.

Figure 28. Complete wood body CAD model
The body will be attached on top of the main post. That way, the mass of the body and the rider will be
centered over the main post. The steel will lift their weight, the motors will only have to move their
weight, which requires much less force than lifting. This allows the mechatronics team to select
smaller/cheaper motors to accomplish the same task.

5.1 Changes to Final Design post-CDR
The biggest design choice left to make after CDR was what type of joint to use. Our CDR report depicted
a 2 degree-of-freedom joint, which we learned from our structural prototype testing would not work,
because inducing motion in two pitch and roll led to motion in all three directions (pitch roll and yaw),
visualized in Figure 8.
To solve this problem, we considered a trailer ball/receiver and an oversize rod-end. By testing a trailer
hitch, we decided it does not meet our required 10 degrees of motion in the pitch/roll direction. We
selected a rod end mounted on a thrust bearing.
We selected a 3/4” bolt and verified with shear calculations for static and fatigue loadings. The bolt has a
SF bending of 53.4, calculated in Appendix J in the Main Bolt Bending and Fatigue calculation. It is the
most critical bolt in the project and the weight it adds is negligible compared to the weight of the frame,
so we decided not to downsize.
The corresponding rod end has a radial load capacity of 15,850lbf [13], much more than enough to
withstand a 165lb rider. The rod end also has a max ball swivel angle of 24 degrees, which is more than
enough required for the motion that we are looking for. The main bolt and rod end are pictured below in
Figure 29.
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Figure 29. Body mount, including washers and spacers to center the rod end.
During our safety review, Mustang 60 machine shop manager Eric Pulse recommended we add bump
stops to stop the body from falling if motors were to fail or if power were cut to the horse. Our final
design incorporates a subframe of welded square tubes with car suspension bump stops. These bump
stops are designed for cars to avoid the metal-on-metal dynamic load resulting from bottoming out the
suspension, which is perfect for our application. It will not be comfortable for the rider to experience an
emergency stop, but slow deceleration with more “travel” would allow the saddle to rotate enough to tip a
rider off. Our bump stops are designed to activate at 12 degrees, 2 degrees past the maximum horse
operating range of 10 degrees.
Our design as CDR moved the center of rotation upwards to the center of the body, as opposed to the
middle of the top frame. We realized this design places the entire load of the rider into two welds.
Correctly done welds are stronger than the base material, but it is difficult to verify that the final weld is
done correctly. We changed our design to a bolted joint because it is much easier to verify that it has been
installed correctly and at the time of our design, we lacked the welding confidence to ethically design two
extremely critical welds.
Eric also recommended we change our supporting frame (Figure 27) to be a flat rectangle for simplicity,
weight reduction and shortening crank length. The previous design was not flat, it protruded up at the
front and was mistaken for a handle. Both modifications are shown in Figure 30.
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Figure 30. Modified supporting frame with bolt on, not welded attachment
Every square tube in our CDR design had a wall thickness of .25” After buying part of our stock, we
realized that .25” is excessively thick and heavy and does not supply tangible benefits over .120” wall
thickness in most cases. We thought that designing with thick-walled tubes was a smart and conservative
approach but learned that they are much more difficult to cut, weld and drill than thinner tubes. We added
weight and cost to our project by selecting thick tubes. We broke our order into two parts while waiting
for Baker-Koob funding, so we were able to change our design in time to order the rest of our tubing.
While this reduced weight and was a step in the right direction for our design, it created the problem of
welding different thickness tubes together. This is more difficult because the heat needed to melt the
thicker tube is enough to blow through the thinner tube, so the welder must make sure to “bias” heat input
towards the thicker tube.
Welding in general was one of our biggest manufacturing challenges. We selected MIG welding because
it is known to be easier, but there was still a steep learning curve. We allowed for two weeks of welding
practice and overbought stock to practice on. We would have allowed closer to a month and bought more
stock to practice if we had known how long the process was. Eventually we gained confidence in our
welding and were able to confidently assemble our project. One of our better welds is shown in Figure 31.
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Figure 31. A weld done after much practice
At the request of our sponsor, we added wheels to our design. The wheels are only for transportation
(disengaged during operation) so we did not do any analysis beyond verify that our design will weigh less
than their load rating of 700 lbs. We mounted them internally to allow rolling through standard doorways
and to reduce tripping hazards. The wheels are pictured in Figure 32.

Figure 32. Wheels mounted to frame
We also reduced the width of the horse from 24” to 15” at the request of our sponsor. We began
construction of the wood body and it felt uncomfortably wide, so we sent her the pictures in Figure 33. to
our sponsor, and she told us to make a narrower body.
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Figure 33. Saddle width testing: 15" (left, chosen by sponsor) and 24" (right)

5.2 Post-Testing Design Changes
After assembling and beginning testing, it was clear there were two problems with our design:
1. The body was far too high off the ground
2. The bump stops did not sufficiently stop the body from falling
Body Height
The first problem is a result of our design changes on the yoke. We moved the center of rotation from
high on the body to below the body, to avoid making the entire project depend on two welds. A
consequence of this change that we did not realize in time the resulting change in saddle height.
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Figure 34. Horse assembled for the first time, with a much too tall saddle height
In addition to our design change, we think the horse was too tall to begin with. Specification 2 in Table 1
calls for stirrups to sit 6” above the 25” step block, to simulate a life-sized horse. Looking at a project in
CAD and standing next to it in person are very different experiences, and we would recommend future
groups with large projects make scale models early on that include a scaled down person. This can
decrease some of the shock of assembling a large project for the first time.
We have two ideas to lower the saddle height. First, we can heavily modify or get rid of the wood body so
that saddle sits closer to the metal subframe. This would allow us to leave the entire base frame and
existing bump stops intact. In addition, we have extra wood stock but not much extra square tube, so this
route would not increase the cost of the project. Figure 35 shows a much more reasonable ride height
once the wood body is removed.
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3
Figure 35. Ride height with wood body removed
Second, we could keep the wood body intact and shorten the main post. This would maintain our design
and allow us to keep the most realistic aspect of our project, the soft fabric covered wood body. However,
this would require us to cut the tubes we welded together and attempt to reuse as much as we can to avoid
buying new stock. It would also require us to redesign the most and would take longer, which would
negatively affect the mechatronics team’s project timeline.
Bump Stops
The second issue we encountered during testing was the roll direction bump stops, shown in Figure 25
above. The problem is that the bump stops are only effective when the body is facing forward. As soon as
the body starts to rotate in the yaw direction (Figure 8), the bump stops no longer prevent it from
dropping. The goal of the bump stops is to prevent the body from dropping in all cases. This design flaw
came from only checking each axis independently in CAD, rather than multiple axes at once. When we
assembled it and tested, gravity caused the body to take the path of least resistance downwards, which
went around the bump stops we designed.
To fix this problem, we first considered what works correctly with our bump stops. Figure 36 (left
picture) shows the pitch direction bump stop working properly within its range, and the right picture
shows how it fails to operate outside of that range. Our goal is to constrain the yaw motion to keep it in
the effective range.

Figure 36. Bump stops failing to support the body past a set yaw rotation
To constrain the body’s yaw motion, we plan to constrain the yaw motion at the yoke, since they are
rigidly attached. The yoke is free to spin on needle roller bearings (below the washer in Figure 37).
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Figure 37. Yoke close up
By adding bolts that protrude vertically from the plate in Figure 35, the yoke would only be free to spin in
the set range to keep the failure in Figure 34 from occurring. The needle roller bearings are good because
they decrease rolling resistance, and this design modification keeps those benefits while constraining the
motion to avoid bump stop failure. A concept drawing of these bolts are shown below in Figure 38.

Figure 38. Yaw constraint concept sketch
The roll direction bump stops have a similar issue but worse. The reason for this is because the part of the
frame contacting the pitch and roll bump stops, best shown in Figure 36, are different distances away
from the center of rotation (the joint in Figure 37). The larger the radius of curvature, the closer to a
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straight line the path of travel is, so the farther bump stop (pitch) contacts the frame for more degrees of
yaw rotation than the closer one (roll).
To correct this problem with our current design, we would need bump stops in a circle all the way around,
directly below the circle traced out by the frame. This is unrealistic, so we are modifying the way the
bump stops operate. Like the previous modification, we are moving the bump stop to the yoke and
constraining its motion instead, because it is smaller and traces out a smaller path.
When the body rolls, the yoke in Figure 37 tilts to lower one side and raise the other towards the plate.
Our modified bump stop limits this yoke dip with a raised plate. A concept sketch is shown below in
Figure 39.

Figure 39. New bump stop to constrain roll by limiting yoke dip

This part should be made of rubber or Delrin (a machinable plastic) to avoid grinding metal on metal
when the bump stop is used. The material should be as soft as possible for comfort, while being
sufficiently hard to not get destroyed by the yoke during contact. It should fit around the washer in Figure
37 and interface with the yaw constraint bolts described in Figure 38.
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Figure 40. Proposed Solution

Figure 40. above shows a CAD model of the updated bump stop design. The disc prevents the yoke from
dipping, which prevents the body from rolling past 12 degrees. The bolts prevent the yoke from rotating
more than 12 degrees, to keep the body within the working yaw range to avoid the failure shown in Figure
36. The holes in the disc are tapped. This locates them on the cap, in addition to serving as the nut for the
yaw constraint bolts.

6. Manufacturing
We designed the mechanical horse for straightforward manufacturing. Since our budget is relatively low,
we avoided parts that require outside manufacturing. Because most of our project is a frame for the horse,
most of our parts are raw materials and hardware. We chose standard metal sizes to save money and opted
to overdesign components in most cases because weight is important, but not down to grams as in
automotive or aerospace industries. A simplified bill of materials is below in Table 2, and a complete
version is in Appendix H.
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Table 2. Final design with subassemblies specified. This is a modified Bill of Materials intended to highlight material
procurement method over cost/organization. Items that are modified or built have manufacturing plans below.

Final Assy
Frame Subassembely
2x2x.120" square steel tubing
2x2x.25" square steel tubing
4x4x.120" square steel tubing
Gussets
Linkage system
Link
3/8 - 24 rod end
3/8-16 bolt
3/8 - 16 nut
3/8 - 16 washer
3/8-16 3-1/2 bolt

30ft
40 ft
5
3

Body support system
2x2 steel tubes
3/4-16 rod end
3/4-10 6" bolt, nut and washer
3/4-16 jam nut
3/4" needle roller thrust bearing
Yoke joint and cap

$ 336.60
$ 242.00
$ 312.00
$ 87.95

$
$
$
$

-

$
$
$
$

336.60
242.00
312.00
312.00

2
4
1
1
1
2

$
$
$
$
$
$

$

-

$
$
$

-

$
$
$
$
$
$

24.40
8.32

1
2
1

$
$ 14.20
$
$ 8.32
$ 3.92
$
-

$
$
$
$
$

14.20
8.32
7.84
-

$
$
$
$
$

49.97
15.65
24.42
9.84
-

1

6.10
4.16

Body Subassembley
4x8 plywood 23/32
1
Fabric
4 yards
2x4 wood
6
$ 4.07
Padding: moving blankets
2
$ 4.92
Saddle
1
$
Frame Attachment
Hardware is same as linkage system, use extras

$ 1,365.56

6.1 Material Procurement
For materials that are listed as “stock order”, we bought from local welding supply stores to save on high
shipping costs of long lengths of steel.
For hardware and parts listed as McMaster Carr, we ordered from the website. McMaster Carr is slightly
more expensive, so we only bought parts for important applications like rod ends and high-grade bolts
that support the full weight of the rider. Their rod ends are cheaper than any other source we could find.
They have extremely quick turnaround times so we can have parts usually within two days of ordering.
For less important hardware, we used hardware supplied on campus in Mustang 60. Materials listed as
“Hangar” come from donations to the machine shop from industry. For lumber, we bought from Home
Depot and transported using Hernan’s truck.
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6.2 Equipment and Operations
The frame tubes were cut to length on the abrasive cutoff saw. We set a 45-degree miter on the abrasive
cutoff saw. We use this miter cut to fit the tubes together for welding. A CAD model of a 45 degree miter
joint is shown below in Figure 41.

Figure 41. Top view of a 45-degree mitered cut and joint to weld

We fixtured the “bottom rectangle” 4 tubes with right-angle welding magnets, shown in Figure 42, to
weld the three outside sides on each joint. We will use MIG for all welding on our project because it’s
easier and faster than TIG and we don’t need the precision of TIG for this project.
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Figure 42. Base frame tack welded together, with welding magnets and a welding table for fixturing

The 4x4 main post was cut to length on the abrasive cutoff saw. The main post supports motor mount
tubes with right angle magnets and MIG weld them, shown in Figure 43.

Figure 43. Main post fixtured for welding
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We welded the main post to the main post supports on the sides (Figure 44). We did not weld all four
sides since to ensure the gusset sits flush. We used right angle magnets and the floor as a flat surface to
orient the main post to the supports and weld it in place. The main post is supported by two gussets made
from ¼” sheet metal. This was manufactured by a waterjet and has four ¾" holes for ¾" x 6” bolts
through it.

Figure 44. Closeup of main post welds

To run the ¾" bolts through the body we had to drill holes with a stepper drill. We found that our
manufacturing plan was flawed as it was extremely hard to drill the holes with a hand drill (Figure 45).
Drilling the holes before welding on a drill press would have saved time and energy, at the risk of
misalignment.
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Figure 45. Drilling holes in the base frame to attach the gusset. This operation was challenging because we had to drill through
4 layers of .120” steel at once.

Figure 46. Gusset

The top of the main post has a cap made from ¼" steel plate. It was cut into three pieces by the water jet.
We then welded them together to form the cap with a ¾" hole in its center made by the drill press using a
stepper bit. This hole is for the ¾”-16 ball joint rod end.
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Figure 47. show all the parts we made using the water jet, including spares. We used the waterjet to cut
bolt holes since they are large tolerance features, and the waterjet has the necessary accuracy to avoid
having to drill into the .25” plate with a drill press.

Figure 47. Watejet parts

Initially we planned to use the hydraulic press (Figure 49) to make 90-degree bends on the yoke, After
bending, we noticed yielding on bends (Figure 50). due to the tool bend radius size smaller than the
minimum bend radius for .25” steel. We manufactured the yoke as a welded part, not a sheet metal part,
with added bracing. The bent yoke also had clearance issues with the rod end that were not present in
CAD, so we modified our design accordingly.

Figure 48. Bending the yoke on a hydraulic press
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Figure 49. Yoke after bending. Note the yield marks at the corners due to a tool bend radius below the minimum bend radius of
.25" steel. This part was redesigned as a welded part to avoid failure at the corners.

Figure 50. Wood body outline

The body’s 23/32” stock was cut down into smaller sizes in the vertical panel saw. We then used a
protractor, T-square, and ruler to sketch out the shape that mimics the body of a horse shown in figure 51.
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Figure 51. Cutting the wood body panels to size

We used a band saw to cut out the outline for the panels shown in Figure 52. Two of them are for the
inside of the body and two for the outside of the body.
The truss that holds the rider’s weight is made from cut on the miter saw. For angles greater than 45
degrees, we used the bandsaw instead. We cut the notch for bolt clearance on the bottom of the wood
frame in Figure 53 with a jig saw.

Figure 52. CAD model of the wood body frame
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Before we assembled the body, we coated the wood with polyurethane to prevent the wood from water,
fungus, and mildew damage (Figure 54).

Figure 53. Coating wood with polyurethane

To assemble the body, we used wood screws. We began by assembling the truss and then fit the body
panels. We predrilled all our holes. We screwed support boards into plywood to avoid screwing boards
into the plywood’s edge. We also added 90-degree metal bracing to increase rigidity and stability. The
completed wood body is shown in Figure 55.
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Figure 54. Completed wood body

Note: Once the mechatronics team has installed their project the padding, and drape will be attached.
Since the internals will be hard to access once the padding and fabric is in place.
Our drawing package is in Appendix L.

7. Design Verification Plan
Before designing, our team created a list of specifications the project should meet. We used background
research and input from our sponsor, a volunteer, and a rider to develop the specifications. Our sponsor
approved the list of specifications (Table 1) during our Preliminary Design Review (PDR) and we
designed accordingly. Later in the design process, we considered how to verify that our design meets
those specifications. Our Design Verification Plan is outlined below.

7.1 Materials
Many of those specifications can be verified by inspection (measurements, aesthetics) but some require
more in-depth testing to verify. The full list of tests we plan to do are described in the Design Verification
Plan in Appendix D.
For these tests, we need
•
•
•
•
•
•
•
•
•
•

250lbs of weights (Ben has)
Bubble level (Machine shops)
Rope (Ben has)
Crash pads (Ben has)
Decibel meter (next quarter, Mechatronics team)
10mm and 13mm bolts (Machine Shops)
Wrench set (Machine shops)
Post it notes (Machine shops)
iPhone with MATLAB data collection (Ben has)
Duct tape (Machine Shops)
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7.2 Specifications to test
The numbers correspond to specifications in Table 1. Specifications that only need simple inspection are
skipped.
1: Kinematic Match
We collected data from Dixie (the therapy horse) and designed our project to model her gait. A successful
project models her gait within 20%. We plan to collect data the same way we did from Dixie from our
project and plot the two and the error on the same graph.
3: Max User weight
We will load the horse with three times the maximum weight (165 lb) and operate it for 30 minutes. Three
is the ASTM specified minimum factor of safety for ride on toys [11]. We will then inspect the bolts,
especially the bolts supporting rider weight on the kingpin for any wear or signs of cracking. Because the
mechatronics team is a quarter behind us, we will modify this test and simulate operation with aggressive
manual actuation in five-minute shifts.
5: User Safety
The point of this test is to ensure there are no pinch points where a child could fit their finger. We will
poke the project with 10mm and 13mm bolts (ASTM specified [11]) and look for any holes that fit the
bolts.
6: Stability
The project must survive a tip test. We will slowly tip the loaded horse over a crash pad while measuring
the angle with a bubble level. We will use a rope to pull it back if it starts to tip so we don’t break our
project. The horse needs to lean 30 degrees each direction without falling over per ASTM [11]. We will
iterate the amount of weight needed on the base frame (if any) to pass the tip test and add the information
to the instructions.
14: Saddle stays on during operation
We will load the horse with three times the max rider weight and mark with post its on the body where
the saddle sits. After 30 minutes of operation, we will check to make sure there is no gap or overlap
between the saddle and post it notes. We will use the same method as in Test 3 to mimic operation.
15: Noise level
We will load the horse with three times the max rider weight and turn it on. We will use a decibel meter
to measure the noise level, placing the meter where we estimate the riders’ head will be. We want the
noise to be under 50 dB to avoid overwhelming riders and so that volunteers can easily instruct riders.
Some of the tests we planned (and still plan to do) require a completed project with mechatronics fully
implemented, so those tests will have to be completed next quarter. Our complete testing results are in
Appendix D.
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7.3 Test Results
Our complete Design Verification Plan and Report is in Appendix D. The tests we performed and their
results are summarized here, organized by specification that was tested.

2: Max user weight (passed)
To validate our design’s ability to hold a 165-lb user, we used weights to load the horse and
visually inspect for any signs of stress or yield. To meet our ASTM specified safety factor of 3,
we need to prove the horse can support 495lbs.
We loaded the horse with 260lbs, the largest amount of plate weights felt comfortable
suspending above the ground, then both applied our full body weight for a total of 585lbs. This
allows us a margin of applying only 72% of our body weights so we could steady ourselves with
stationary objects nearby in case of failure.
Upon inspection, the main bolt, all welds, and the horse in general showed no signs of yield.
6: Stability (passed)
ASTM standards for toys which children ride on require that the toy can lean 30 degrees in all directions
without tipping. We placed a crash pad for protection during the tip test in case the horse did fall.
We used iPhone angle measurement to observe a 38 degree lean before returning the horse to level
ground. This exceeds the required 30 degrees.
1: Range of motion (failed)
We used an iPhone with angle measurement to observe the range of motion in each direction of pitch roll
and yaw. This is the modified version of the kinematic match test described in Table 3.
Motion pitch and roll are specified to be 12 degrees in each direction, with a tolerance of ±2 degrees. Our
pitch motion was 12 degrees to the front, and 13 degrees to the rear, a passing score. Our roll motion fell
within the required 12 degrees only part of the time, when the body was facing completely frontwards.
Other times, the roll motion was 24 degrees in each direction. We discuss this failure at length in Section
5.2, along with the design changes it informed.
Yaw motion was specified to be 360 degrees. We observed 360 degrees, however we realized this
requirement is bad because it causes the pitch and roll direction bump stops to fail. Our post-testing
design changes section (5.2) and Figure 36 explain this is more detail. Our yaw motion test does pass, but
more importantly it illustrated the need to revisit some of our flawed requirements.

7.4 Uncertainty Propagation: body displacement
One purpose of measuring the angle of rotation in Test 7 (Appendix D) is to determine the
maximum displacement of the edge of the body. To find that maximum displacement, we used
the measured pitch angle from Test 7 as well as the deflection of the steel frame and combined
uncertainties from the two measurements. Using uncertainty propagation in Appendix K, we
found the maximum displacement of the edge of the body to be 5.043±.204 inches in each
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direction. The angle measurement contributed uncertainty contributed much more to the total
uncertainty due to the large resolution of our angle measurement device.

7.5 Tests to complete post-Mechatronics
Many of the specifications we planned to test as described above in section 7.2 require a completed horse
with motors and mechatronics systems implemented. Table 3 below lists which specifications we planned
to test that will have to be tested by the mechatronics team after completion of their project.
Table 3. Planned tests that require further project progress to complete

Specification from
Section 7.2
1: Kinematic match

2: User safety (pinch
points)

14: Saddle stays on
during operation

15: Noise level

Explanation
Kinematic match testing requires an electronically moved project to check
the motion against that of a horse. We created test 7, range of motion, as a
checkpoint for this test to ensure we are delivering the mechatronics team
a frame with the necessary range of motion to meet this specification.
This test cannot be completed until the fabric covers are in place, which
will only be installed after all the electronics are in place and ready to be
protected. The project currently has pinch points that we are waiting to
shield, so it is not ready for pinch point testing.
At a very late stage in our project we decided to reevaluate saddle height,
which requires a reevaluation of saddle attachment method. Once the new
saddle attachment method is decided and implemented the project will be
ready for this test. We expect this to take place in week 3 of Spring quarter
2022.
Our project without motors does not make noise. The mechatronics team's
motors and gearboxes will be the loudest components of the project, so
they will test for noise.

8. Project Management
We felt on schedule coming into the third quarter of the project. However, going into the last quarter we
felt that we were behind due to the budget constraint that we had. However, our chosen design was set to
take up the majority of the $1000 that we were offered by our sponsor. Although our sponsor did give us
extra room for our budget, we wanted to leave money for the mechatronics team.
So, we applied for the Baker/Koob grant at the end of our second quarter. Fortunately, we were granted
the funds. We were not notified until week two of the last quarter of the project, by which point we were
redesigning on the assumption we had not been given the grant. This caused a setback late in the project
caused the third quarter to feel rushed on designing and manufacturing.
Another issue we had was related to us making multiple purchases of the same materials. We made small
purchases with enough to get started before hearing about the grant, then went back to purchase the rest.
This felt like a lot of wasted time, especially for a team of two, but was the financially responsible choice.
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Another issue that affected our plan for the last quarter was welding. We were not fully experienced
welding and we needed to make sure that welds were strong and free of defects. Additionally, we picked
¼” thick steel tubes that are harder to weld and required more practice. We should budgeted for at least
three weeks and much more scrap stock to practice on.
Lastly, we should have accounted for at least a week more for manufacturing issues. While manufacturing
we found ourselves struggling primarily with drilling into thick steel. Battery operated drills work slowly
in steel, and many components were already welded into place and impossible to place in a drill press. We
also found design flaws that made manufacturing steps difficult. For instance, drilling the holes for the
gusset on the body with a hand drill through steel is something that we did not anticipate taking so long.
Drilling holes before welding would have saved time, at the risk of misalignment once welded.
All these manufacturing delays pushed back assembly from end of January as we planned to week 10.
This decreased our testing time and adaptability to unexpected issues that can only surface after assembly.
We likely would have caught the saddle height and bump stop issues earlier and been able to redesign
within the scope of this project. This was a learning experience for the team and gave us a better exposure
to understand the time required for manufacturing and testing for projects at this scale.
We are grateful to have another team working alongside us on this project and appreciate the help they
have offered during our manufacturing. We are going to be sharing this experience with the team so they
can plan accordingly and not face the issues we had. Appendix F has an updated Gannt Chart showing
what happened during the manufacturing and testing of our design.

9. Conclusions
Our finalized project consists of a structure that has the intended three degrees of freedom necessary to
mimic the gait of a walking and trotting horse. Looking back at our most important design criteria we feel
confident that our project successfully built a stable structure that can easily support the required loads
while remaining under budget.
The primary goal of our project is to mimic the feeling of riding a horse, which is difficult to test without
motors installed. The last important design criteria that we were unable to finish was to make our
structure look like a horse. We were able to make the wood body contour like that of a horse torso,
however, our mechanical horse lacks being soft to the touch and having a head. We feel that these are two
critical components that must be implemented to make our horse more approachable to the user. Most
importantly we feel the horse head should be implemented and move since the head movement and
emotional connection is an integral part of the riding experience.
We spent the first quarter of our project unsure of our project scope. We did not have the experience with
a project of this size and did not know how much we could do as a team of two. However, once we were
able to gain another senior project group during our second quarter, we decided to put our focus on
designing the structure itself. When we felt that the $1000 budget was going to severely affect our design,
we applied to the Baker/Koob grant to fund our project. With this grant, we were able to obtain $2,865
and felt confident that we could move forward with our design. Much of the grant budget was given to the
second senior project group that is focusing on implementing the motors and necessary system controls.
Looking back at how much we struggled to build the frame, we could have saved a lot of time and money
if we purchased something similar and modified it. For example, the piece of workout equipment shown
in Figure 56. that has 2x2 and 2x3 steel tubes.

51

Figure 55. Existing frame available for purchase that could have replaced our frame

This device sits at around the same dimensions as our mechanical horse. All we would have had to do is
add the body, the motors, and implement the joint mechanism that allows the body to move in the three
degrees of freedom. This device is also powder coated, increasing resistance to rust. We would have
saved time and put our focus on the most important aspect of this project, the joint and motion modelling.
We struggled with joint design throughout the project. We planned to use a vehicle U-joint before
discovering through testing our structural prototype that it would over constrain the body and induce
stresses into our materials. We then tried to implement a trailer hitch to our joint design. We found that it
would be too difficult to get enough rotation while keeping the center of mass over the main post. We also
struggled with attaching the non-receiver end of hitch properly to the body. So, we resorted to the rod
end, bolt and thrust bearing allowing for the three degrees of freedom.
Another thing we might have done differently is add the up-and-down motion felt by the rider. This is
something that our design lacks and feel that would have made our mechanical horse feel much more
realistic. Our initial research indicated that the components required for such a feature was far out of our
budget range and we were confident in our ability to meet our sponsor’s needs with out it, so we removed
the idea from our design early in the ideation process. Given the opportunity to start again with a budget
above $7,500, we would look to include up-and-down motion.
The horse needs two modifications to meet our sponsor’s needs: First, the saddle height should be
lowered. Currently the mechanical horse sits higher than a real horse would. This would require cutting
down the main post or modifying the wooden body. Second, there needs to be another safety feature that
limits the yaw and roll to make sure that the body does not move at excessive angles putting the rider’s
safety at stake. Our pitch safety bump stops do work, but only within a range of yaw motion. We are
working on design changes to complete the project, though they will be finalized after the submission of
this report.
Lastly, to make the frame last longer and prevent it from rusting we recommend a powder coat or a paint
job. This will help meet our sponsor’s need that the horse survives the outdoors.
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We would recommend teams of two to work on tasks individually and compare notes regularly, as
opposed to trying to do tasks together. We did much of our purchasing, manufacturing, and designing
together and found as the project progressed that most tasks required one person only. We found two
main reasons for wanting to work together: attempting to be a supportive project partner, and trying to
avoid the perception of taking over the project.
A senior project requires a lot of work, and while working can be more enjoyable we feel that trying to
work together slowed us down.
To groups with large (more than 5 feet in any dimension), we would recommend building scaled
prototypes early on that include a scaled person. Our design surprised us with its size, something that
could have been prevented with including people in our prototypes.
To groups with low budgets, we recommend applying for grant funding early on. Our team thought we
had to know exactly what we wanted to spend grant funding on before applying, but we realized that by
the time we knew exact components, it was too late to apply for funding without creating a time
constraint at the end. We would recommend making an educated guess about components and cost and
applying as early as possible.
To groups whose projects involve welding, we would recommend three weeks of consistent practice and
buying around 15% extra stock to practice with. It is important to practice on the same stock as the final
project and practice prepping and fixturing the stock your team will use. Additionally, we found it helpful
to ask for experienced welders’ help with welding settings, since experienced welders can adjust settings
much more intuitively than amateurs.
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11.22 Quality Function Development (QFD) House of Quality

A-1

A. Ideation Models

Four Linear Actuators

Pin and slots, linear actuator, ball and socket, and springs.

B-1

Single Motor

Belt System

B-2

Two linear actuators that are attached to a universal joint and ball and socket

Ball and socket joint with pulleys

4 springs user activated
B-3

Four servo motors moving each leg independently.

B-4

B. Decision Matrices (Pugh, Morphological and Weighted)

Pugh Matrix for feels like a horse as a function.

Pugh Matrix for durability as a function.

C-1

Options
Weighting %
(from QFD)

Criteria
Stable
Stays under budget
Feels like riding a horse
Can carry weight of user
Safe for children with special needs
Looks like a horse
Quietness
Riders get on/off like a horse
Can use a saddle
Materials Endure Dust
Easy to operate
Will be moved at some point
Easy to maintain

Total

4-Motor

2-Slots Possible Linear Actuator

Single Motor

4 Linear Actuators

4 Springs

Score

Total

Score

Total

Score

Total

Score

Total

Score

Total

12

5

60

5

60

5

60

3

36

5

60

11

2

22

5

55

5

55

4

44

5

55

10

5

50

5

50

3

30

5

50

1

10

10

5

50

5

50

3

30

5

50

5

50

10

5

50

3

30

5

50

5

50

5

50

9

5

45

5

45

5

45

5

45

5

45

8

3

24

4

32

4

32

5

40

5

40

6

5

30

5

30

5

30

5

30

5

30

6

5

30

5

30

5

30

5

30

5

30

5

3

15

4

20

5

25

3

15

5

25

5

3

15

4

20

5

25

3

15

2

10

5

5

25

5

25

5

25

4

20

5

4

2

8

3

12

3

12

2

8

5

424

459

449

Weighted Decision Matrix with 2-slots possible liner actuator as a top choice.

C-2

433

25
20
450

3

2

Poke the project with 3/8 and 1/2 inch Poke the project with 3/8 and 1/2 inch bolts from as many
bolts from as many points as possible. points as possible. Bolts should not find any holes. These
Bolts should not find any holes. These bolts are ASTM specified to simulate childrens' fingers.
bolts are ASTM specified to simulate
childrens' fingers.

5: User Safety

Measure the
average
percent
difference
over a few
cycles of
motion

Measurements

TEST PLAN

none

none
0 spots
where bolts
are able to
find pinch
points

Pass/fail

3/8" bolt, 1/2"
bolt of at least
3"

Weights, ratchet
straps

Required
Acceptance
Parts Needed
Facilities/Equipment
Criteria
iPhone with
20% match None
MATLAB

Jack's Helping Hand

DVP&R - Design Verification Plan (& Report)
Sponsor:

Remove and bolts (especially
Load the horse with the max rider
weight times three (our minimum factor kingpin) and
other failure
of safety)
points
identified in
FMEA for
wear

1: Kinematic Match
between our project
and data from real
horse

1

Use MATLAB data collection on
iPhone and clean data. Plot on the
same graph as the data from the
horse, and plot a percent difference.
We will be using our hand as opposed
to motors to see if we can replicate the
data aquired.

Test Description

Mechanical Horse

3: Max User weight

Specification

D-1

Test
#

Project:

Mechatronics
Team

Ben

Mechatronics
Team

Responsibility

3/13/2022 3/13/2022

TIMING
Start date Finish date

Edit Date: 3/13/2022

260lbs tested

Numerical Results

This test cannot be completed
until the fabric covers are in
place, which will only be
installed after all of the
electronics

Kinematic match testing
requires an electronically
actuated project. Test 7 is a
checkpoint to verify that we
are delivering to the
mechatronics team something
with which they can pass this
test
The horse did not show any
visible or audible signs of
stress during or after the
weights were added.

Notes on Testing

TEST RESULTS

C. Design Verification Plan

D-2

7

6

5

4

1: Meets allowed
range of motion in
pitch, roll, yaw
directions

15: Noise level

Measure the range of motion of the
body

Angle of pitch, roll and yaw at both extremes

Load the hourse and esnure that there Noise Level at rider head level.
are no lound clicking noises such as
metal on metal.

none

Open space
concrete floor

none
10-14
degrees
pitch, 10-14
degrees roll,
360
degrees
yaw

60 dB

0" moved
Use post it notes to mark saddle position relative to the
Operate the horse and note saddle
position before and after 30 minutes of body. Operate the horse for 30 minutes and check to see
if the saddle moved relative to the post it notes.
operation. It should not move

14: Saddle stays on
during operation

Greater
than 30
degrees =
pass

The horse will be placed upright next to Angle at which device starts to tip
a crash pad. The horse will be slowly
leaned over until it starts to tip over the
crash pad. The angle at which it starts
to tip will be measured.

6: Stability

iPhone with level
app

iPhone, decibel
meter

post it notes

Crash pad,
iPhone leveling
app

Ben

Our roll measurement is far
out of specification. This is
discussed and redesigned in
Section 5.2 of our report. Part
of the described redesign is
eliminating the requirement for
360 degrees of yaw.

Our project without motors
does not make noise. The
mechatronics team's motors
and gearboxes will be the
loudest components of the
project, so they will test for
noise.

Conducted using iPhone
leveling app, not matlab

Mechatronics
Team

Pitch: 12 degrees front,
13 degrees back. Roll: 24
degrees left, 24 degrees
right. Yaw: 360 degrees

38 degrees

This test requires a functioning
and moving horse to run, so
will be conducted as part of
the Mechatronics team's
testing

3/13/2022 3/13/2022

3/10/2022 3/10/2022

Mechatronics
Team

Ben

D. Design Hazard Checklist

E-1

Description of Hazard
A motor will reciprocate to make the
body of the horse move

The system will move large masses:
people

The device will be exposed to heat,
cold and fog but not direct water flow.

If we use a linear actuator, the device
will plug into the wall.

Planned Corrective Action
We will cover all the moving parts
to make sure there are no pinch
points. We can use a solid cover
and contain the entire linkage, or a
tough fabric cover that is too
tough to let fingers through.
Before putting users on, we will
test it statically and dynamically
with double the user weight to
make sure it functions as planned.
We will make sure that the
enclosure is sealed from the
elements by testing it against fog,
heat and cold. We will use
materials that can withstand 120
degrees F to freezing
temperatures, the range of SLO
county. We’ll also instruct the
user to clear brush from the
surrounding area before plugging
in.
We will find an ME or EE
professor to review our design and
make sure our electronics are set
up safely.

E-2

Planned Actual Date
Date
10/21/21 Not yet done.
Mechatronics
team must
finish their
work first
10/21/21 3/10/22

10/21/21

10/21/21 Not yet done.
No longer
within the
scope of our
project,
mechatronics
team will do.

E.

Gantt Chart

F-1

F-2

F. Isometric CAD Drawing

G-1

Descriptive Part Name

1130
1131
1132
1133
1134
1135
1136

1200
1211
1212
1213
1214
1215
1220
1221

1
2
2
2
2
2
2
3

H-1
1

1
2
1

2
4
1
1
1
2

30ft
40 ft
5
3

Qty

$
$ 14.20
$
$ 8.32
$ 3.92
$

Have
Still need to purchase
Grant funding dependant

49.97
15.65
24.42
9.84
-

More
Info

Home Depot
https://www.fabricwholesaledirect.com/products/rip-stop-pu-coated-fabric?variant
Home Depot
https://www.harborfreight.com/40-in-x-50-in-moving-blanket-63959.html
Provided by Sponsor

https://www.mcmaster.com/6338K429/
Included in Frame stock
https://www.mcmaster.com/60645K18-60645K181/
Machine Shops have
https://www.mcmaster.com/94846A216/
https://www.mcmaster.com/5909K33/
Included in Gusset stock

60645K14 Part no.
https://www.mcmaster.com/rod-ends/ball-joint-rod-ends-10/
https://www.mcmaster.com/bolts/hex-head-screws/low-strength-steel-hex-head-sc
Machine shops have
Machine shops have
https://www.mcmaster.com/91236A859/
https://www.mcmaster.com/95462A538/

Paso Robles Welding supply
McCarthy Steel
Paso Robles Welding supply
Paso Robles Welding supply

------

Part
Source

$ 1,365.56
Note: this sum is for our section of the project, and does not represent the full cost of
the mechanical horse because we have not included the electronic and mechatronic
components selected by the mechatronics team

$
$
$
$
$

14.20
8.32
7.84
-

-

$
$
$

$
$
$
$
$

24.40
8.32

$
$
$
$
$
$

-

$

6.10
4.16

$
$
$
$
$
$

336.60
242.00
312.00
312.00

$
$
$
$

-

$
$
$
$

Producti
on Cost Total Cost

$ 336.60
$ 242.00
$ 312.00
$ 87.95

Mat'l
Cost

Body Subassembley
1
4x8 plywood 23/32
4 yards
Fabric
$ 4.07
6
2x4 wood
$ 4.92
2
Padding: moving blankets
$
1
Saddle
Frame Attachment
Hardware is same as linkage system, use extras

Body support system
2x2 steel tubes
3/4-16 rod end
3/4-10 6" bolt, nut and washer
3/4-16 jam nut
3/4" needle roller thrust bearing
Yoke joint and cap

Lvl4
Lvl3
Lvl2
Lvl1
Lvl0
1000 Final Assy
Frame Subassembely
1100
2x2x.120" square steel tubing
1111
2x2x.25" square steel tubing
1112
4x4x.120" square steel tubing
1113
Gussets
1114
Linkage system
1120
Link
1121
3/8 - 24 rod end
1122
3/8-16 bolt
1123
3/8 - 16 nut
1124
3/8 - 16 washer
1125
3/8-16 3-1/2 bolt
1126

Part
Number

2
3
3
3
3
3
3

0
1
2
2
2
2
2
3
3
3
3
3
3

Assy
Level

MECHANICAL HORSE
Indented Bill of Material (iBOM)

G. Bill of Materials

H. FMEA

I-1

I.

Analysis

The following pages contain all our analysis for our
engineering decisions.

J-1

J-2

J-3

J-4

J-5

J-6

J-7

J-8

J-9

J-10

J-11

J-12

J-13

J-14

J-15

J-16

J-17

J-18

J-19

J-20

J-21

J-22

J-23

J-24

J-25

J-26

J-27

J-28

J-29

J-30

J-31

Matlab Live Script for viewing horse walking data
load('slow.mat')
stackedplot(Orientation)
xlim([datetime(2021,5,20,13,34,39.0712803853)...
datetime(2021,5,20,13,34,52.9579009162)])

TR=timerange("20-May-2021 13:34:39.071", "20-May-2021 13:34:52.958");
OrientationShort=Orientation(TR,:);
stackedplot(OrientationShort)

J-32

% Remove trend from data
OrientationDetrend = OrientationShort;
OrientationDetrend{:,:} = detrend(OrientationShort{:,:},...
"SamplePoints",OrientationShort.Timestamp);
% Display results
clf
plot(OrientationShort.Timestamp,OrientationShort.X,"Color",[77 190 238]/255,...
"DisplayName","Input data")
hold on
plot(OrientationShort.Timestamp,OrientationDetrend.X,"Color",[0 114
189]/255,...
"LineWidth",1.5,"DisplayName","Detrended data")
plot(OrientationShort.Timestamp,OrientationShort.X-OrientationDetrend.X,...
"Color",[217 83 25]/255,"LineWidth",1,"DisplayName","Trend")
hold off
legend
ylabel("X")
xlabel("OrientationShort.Timestamp")

J-33

% Smooth input data
OrientationSmooth = smoothdata(OrientationDetrend,...
"movmean","SmoothingFactor",0.04999999999999999,"DataVariables","X");
% Display results
clf
plot(OrientationDetrend.Timestamp,OrientationDetrend.X,...
"Color",[77 190 238]/255,"DisplayName","Input data")
hold on
plot(OrientationDetrend.Timestamp,OrientationSmooth.X,"Color",[0 114
189]/255,...
"LineWidth",1.5,"DisplayName","Smoothed data")
hold off
legend
ylabel("X")
xlabel("OrientationDetrend.Timestamp")

J-34

stackedplot(OrientationSmooth)

save('WalkCleanedSmoothed.mat', "OrientationSmooth")
AccelerationShort=Acceleration(TR,:);
stackedplot(AccelerationShort)

J-35

J-36

Main Post Design Calculator
Static Yield
Givens
m=150; %kg
g=9.81; %m/s
l=1.5; %m, starting value we can change from here

Design Choices
Material
E=210000*10^6; %Pa (steel)
SigmaYield=250*10^6; %Pa, for A36 rated steel

Cross Section
https://www.engineeringtoolbox.com/square-hollow-structural-sections-hss-d_1478.html
A=1.77; %in^2
I=4.4; %in^4
%4x4x3/8
A=A*.0254^2;%m^2
I=I*.0254^4; %m^4

Calculations
Sigma=m*g/A;
SFYield=SigmaYield/Sigma
SFYield = 170.7274

P=m*g;
Pcr=.25*pi^2*E*I/(l^2);
SFBucking=Pcr/P
SFBucking = 286.6182

J-37

J-38

J.

Uncertainty Propagation

K-1

K-2

K-3

K-4
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